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FOREWORD 

This  report  was  prepared  by  Atlantic  Research  Corporation 
to  document  work  performed  under  Air  Force  Contract  AF  04 (611) -8009. 
The  contract  called  for  the  design  and  fabrication  of  two  replicate 
columbium  carbide  nozzles  by  Atlantic  Research  Corporation.  The 
nozzles  were  to  be  tested  at  the  Air  Force  Rocket  Propulsion  Labora¬ 
tory,  Edwards,  California.  The  nozzle  design  and  fabrication  took 
place  between  6  February  1962  and  16  September  1962.  Due  to  unfore¬ 
seen  difficulties  in  the  development  of  the  liquid  simulator  test 
device  at  the  Rocket  Propulsion  Laboratory,  testing  of  the  second 
nozzle  was  not  completed  until  February  25,  1965. 

This  program  was  administrated  under  the  direction  of  the 
Air  Force  Rocket  Propulsion  Laboratory,  Edwards,  California,  with 
Capt.  D.  England,  Lt.  R.  Maxwell  and  Lt.  E.  Schneider  serving  as 
Air  Force  Project  Officers.  Mr.  Eugene  L.  Olcott,  Director  of 
Materials  Division,  Atlantic  Research  Corporation,  was  responsible 
for  the  administrative  and  technical  aspects  of  the  program. 

Mr.  Stanley  Miller  performed  most  of  the  work. 

This  technical  report  has  been  reviewed  and  is  approved. 


Earl  M.  Schneider 
Lieutenant,  USAF 
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1.0  INTRODUCTION 

Refractory  carbides  possess  the  highest  melting  points  of 
known  refractory  materials  and,  therefore,  offer  considerable  promise 
for  application  under  severe  high-temperature  duty  cycles.  The  use¬ 
fulness  of  the  refractory  carbides  for  rocket  nozzle  inserts  has  been 
limited  by  their  relatively  low  thermal  shock  resistance.  During  the 
initial  portion  of  the  rocket  nozzle  firing  cycle,  a  severe  thermal 
gradient  exists  between  the  gas  side  and  the  back  side  of  the  nozzle 
insert,  and  as  a  result  high  tensile  stresses  are  imparted  to  the 
backside.  The  relatively  low  fracture  resistance  of  the  refraccory 
carbides  often  permits  complete  shattering  cf  the  carbide  material 
from  the  thermal  stresses.  Researchers  have  labored  to  overcome 
the  shortcomings  of  refractory  carbides  through  such  techniques  as 
pre-stressing,  grain  size  control,  reinforcement,  and  dispersion  of 
a  low  modulus  phase.  The  Carborundum  Company  has  had  notable  success 
in  the  use  of  a  dispersed  phase  of  graphite  in  a  refractory  carbide 
matrix  to  improve  the  fracture  resistance  of  these  materials.  It  was 
also  found  in  subscale  rocket  nozzle  tests  that  a  thin  layer  of  pure 
carbide  could  be  used  in  connection  with  the  carbide-dispersed  graphite 
backup  for  acceptable  fracture  resistance.  A  discussion  of  the  develop¬ 
ment  of  these  materials  may  be  found  in  Reference  1  and  a  discussion  of 
the  behavior  of  subscale  nozzles  made  of  such  materials  has  been  given 
in  Reference  2.  Recently,  another  approach  to  this  problem  was  accom¬ 
plished  by  the  addition  of  sufficient  carbon  to  a  molten  carbide  to 
permit  the  precipitation  of  graphite  flakes  in  the  matrix  during  solidifi¬ 
cation.  In  this  case,  the  low  modulus  dispersion  is  more  in  the  form  of 
graphite  flakes. 

Previous  subscale  tests  on  refractory  carbides  con  ining 
a  pure  carbide  surface  with  a  carbide-graphite  backup  had  shown 
acceptable  erosion  and  fracture  behavior  (Reference  2) .  The  objective 
of  this  program  was  to  scale  up  the  test  conditions  to  a  5,000-lb. 
thrust  motor  to  determine  the  usefulness  of  refractory  carbide  nozzle 
inserts.  The  contract  provided  for  the  design  and  fabrication  of  two 
replicate  nozzles  to  fit  the  Edwards  test  device  which  at  the  time  of 
the  contract  initiation  was  a  liquid  simulator.  Columbium  carbide 
was  selected  as  the  carbide  to  be  used  in  the  nozzles  because  previous 
experience  had  shown  this  carbide  to  be  sufficiently  erosion  resistant 
in  the  environment  contemplated,  and  this  carbide  possessed  a  density 
less  than  that  of  many  of  the  other  carbides  and  would  be  advantageous 
for  flight  weight  applications. 
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2.0  NOZZLE  DESIGN 

A.  SERVICE  CONDITIONS 

The  service  conditions  under  which  the  nozzles  were  to  be 
tested  were  initially  specified  as  follows: 

1.  Thrust  -  5000  lbs. 

2.  Burn  time  -  60  seconds  (minimum) 

3.  Flame  Temperature  -  5500°F  to  6000°F 

4.  Chamber  Pressure  -  500  psi 

5.  Nozzle  contoured  to  provide  for  expansion  to  atmospheric 
exhaust  pressure  of  13.1  psi  (Edwards  AFB  Rocket  Site). 

6.  The  propellant  was  later  defined  in  more  detail  as  follows 

I  =  264.56  sec 

sp  14.7 

Density  =  0.0635  lb/in^ 

=  3185°K  (5275°F) 

er 

Propellant  Composition: 

A1  =  207. 

CH2  =  157. 

NH4C104  =  657. 

1007. 

The  oxidation  ratio  calculated  from  the  combustion  products 
of  the  above  propellant  was  1.017,  which  was  sufficiently  low  to 
indicate  an  anticipated  erosion  rate  of  from  .1  to  .2  mil/sec  for 
columbium  carbide  based  on  previous  subscale  tests. 

The  test  nozzles  were  designed,  fabricated  and  delivered 
prior  to  the  change  in  test  conditions  which  was  occasioned  by  diffi¬ 
culties  of  the  Rocket  Propulsion  Laboratory  with  the  liquid  test 
simulator.  It  was  subsequently  decided  by  the  Rocket  Propulsion 
Laboratory  Personnel  that  the  Lwo  nuzzles  would  be  tested  in  the  Char 
Motor  with  the  test  propellant  LPC-556  polycarbutene  which  has  a 
calculated  flame  temperature  of  5640°F  (1000  psi  motor  pressure)  and 
a  calculated  oxidation  ratio  of  1.26.  The  combustion  products  of 
this  propellant  are  shown  in  Table  1.  The  maximum  pressures  obtained 
with  the  nozzle  diameters  selected  on  the  basis  of  the  liquid  simula¬ 
tor  turned  out  to  be  approximately  700  psi.  It  may  be  noted  that  the 
solid  propellant  Char  Motor  test  conditions  were  more  severe  with 
regard  to  pressure,  oxidation  ratio  and  propellant  temperature  than 
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TABLE  1 

CHARACTERISTICS  OF  TEST  PROPELLANT,  LPC  556 

Composition:  68%  ammonium  perchlorate 

177.  aluminum 

Balance,  polycarbutene  binder 

T°F  5643  (Chamber  1000  psi) 

I  theo,  shifting,  lbf-sec/lbm  263 
sp 

I  8tandard  245,  estimated 
sp 

composition  of  Principal  Exhaust  Products 

Shifting 


Constituent 

Chamber 

Exhaust 

C°2 

0.0498 

0.0654 

H2 

1.1629 

1.2371 

aici2 

0.0355 

0.0003 

OH 

0.0218 

0.0002 

A1C1 

0.0162 

0.0000 

H2S 

0.0011 

0.0029 

H2° 

0.4967 

0.4273 

H 

0.1129 

0.0051 

HC1 

0.4588 

0.5762 

al203  (liq) 

0.2884 

0.0000 

Cl 

0.0303 

0.0018 

CO 

0.9144 

0.8995 

N2 

0.2975 

0.2982 
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the  propellant  initially  selected  for  use  in  the  liquid  simulator.  For¬ 
tunately,  however,  the  more  severe  test  conditions  gave  information  more 
applicable  to  current  propellant  systems  than  the  initial  test  propellant 
selection. 

B .  DESIGN 

The  columbium  carbide  insert  design  is  shown  in  Figure  1. 

It  features  a  reasonably  symmetrical  cross-section  to  minimize  stress 
effects  related  to  changes  in  section.  The  configuration  provided 
a  port/ throat  ratio  of  1.18  at  both  entrance  and  exit  ends.  Reten¬ 
tion  is  both  by  bearing  at  the  exit  end  and  by  shear  with  a  7  degree 
ramp  angle.  Redundant  retention  was  provided  to  permit  retention  of 
separate  segments  in  the  event  that  complete  fracture  occurred  during 
the  test  firing.  The  insert  was  fabricated  to  provide  maximum  car¬ 
bide  density  on  the  gas  side  and  sufficient  dispersion  of  graphite 
particles  through  the  backup  surface  to  provide  the  degree  of  fracture 
resistance  believed  to  be  necessary. 

This  insert  was  incorporated  in  the  layout  design  shown  in 
Figure  2.  A  preliminary  version  of  this  nozzle  was  thermally  analyzed 
(Appendix  I)  and  stress  analyzed  (Appendix  II).  The  heat  transfer 
calculations  indicated  the  desirability  of  incorporating  the  graphite 
heat  sink  (Part  5  cf  Figure  2)  to  reduce  the  temperature  of  the  hot 
side  of  the  cast  zirconia  insulation  member  (Part  4  of  Figure  2). 

This  precaution  was  necessary  only  if  the  upper  limit  of  propellant 
temperature  required  in  the  contract  (6000°F)  was  used  in  the  test 
program. 


The  castable  zirconia  insulation  materials  used  for  Parts 
4  and  9  of  Figure  2  were  developed  at  Atlantic  Research  for  use  as 
a  castable  insulating  material  to  provide  a  refractory  backup  for  the 
hotter  gas  side  materials.  The  development  of  this  material  is  dis¬ 
cussed  in  Reference  2.  This  material  has  the  capability  of  being 
cast  around  brittle  materials  to  offer  firm  backup  support  without 
precision  machined  fit-up.  At  temperatures  above  4000°F  this  material 
softens  and  must  be  used  with  caution.  The  graphite  segments  used  on 
each  side  of  the  throat  insert  can  be  considered  a  routine  application 
for  such  materials.  The  phenolic-asbestos  entrance  material  was 
designed  to  project  into  the  liquid  simulator  thrust  chamber  over 
the  water-cooled  flange  attainment  which  was  part  of  the  simulator. 

The  flange  of  the  nozzle  assembly  was  expected  to,  in  turn,  be 
cooled  in  part  by  the  water-cooled  flange  to  which  it  was  attached. 

The  phenolic-asbestos  exit  section  was  selected  to  be  compatible 
with  the  propellant  initially  selected. 

C.  ENTRANCE  MODIFICATION 

After  it  became  evident  that  the  liquid  simulator  would  not 
be  available  to  test  the  nozzles,  the  Rocket  Propulsion  Laboratory 
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Personnel  designed  and  fabricated  a  transition  flange  to  fit  the  closure 
of  the  solid  propellant  motor.  This  flange  is  shown  in  Figure  3  along 
with  the  mating  portion  of  the  columblum  carbide  nozzle.  It  was  recog¬ 
nized  at  the  time  that  the  use  of  the  silica  filled  Buna  N  facing  the 
nozzle  flange  substituted  for  the  water-cooled  metal  flange  called  for 
in  the  initial  design  arrangement  was  somewhat  questionable  for  depend¬ 
able  performance,  but  was  emp  oyed  as  an  expedient.  The  transition 
adaptor  for  the  second  nozzle  was  also  designed  and  fabricated  by 
Rocket  Propulsion  Laboratc  ry  Personnel  and  is  shown  in  Figure  4 
(Drawing  RB64D855).  This  design  featured  a  more  erosion  resistant 
approach  section  which  mated  with  the  graphite  entrance  portion  of 
the  test  nozzle. 

D.  FABRICATION 

The  two  test  nozzles  were  fabricated  concurrently  in  the 
shops  o£  Atlantic  Research  Corporation.  The  columblum  carbide  inserts 
were  made  by  the  Carborundum  Company,  Niagara  Fallr,  New  York.  A 
dense  columblum  carbide  layer  1/8  inch  in  thickness  was  backed  up  by 
a  mixture  of  30  volume  per  cent  columblum  carbide-70  volume  per  cent 
graphite  dispersion.  This  carbide-graphite  ratio  was  found  to  be 
fracture  resistant  from  previous  subscale  tests.  The  Inserts  were 
fabricated  by  hot  pressing  at  2450“C  and  6000  psl.  Nozzle  fabrica¬ 
tion  was  completed  on  16  September  1962. 

The  instrumentation  on  the  nozzles  consisted  of  two  biaxial 
strain  gauges  located  on  the  nozzle  shell  structure  and  four  thermo¬ 
couples  located  at  various  depths  in  the  nozzle,  one  of  which  went 
through  to  the  cold  side  of  the  carbide  insert.  During  the  re-work 
of  the  nozzle  entrance  section  of  the  second  nozzle  at  the  Rocket 
Propulsion  Laboratory  all  of  the  instrumentation  was  removed  prior 
to  firing.  Figure  5  shows  a  completed  nozzle  prior  to  shipment. 
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Entrance  Modification  of  Nozzle  No.  2,  Drawing  RB64D855. 
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Figure  5.  Completed  Nozzle  for  Attachment  to  Liquid  Simulator. 
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3.0  NOZZLE  TEST  RESULTS 

The  first  firing,  Nozzle  E-l,  was  conducted  on  18  March  1*364, 
and  the  second  firing,  E-2,  was  conducted  on  25  February  1965,  at  the 
Rocket  Propulsion  Laboratory.  The  mass  flow  of  the  Char  Motor  was  21 
pounds  per  second.  Firing  data  on  the  nozzles  are  shown  in  Table  2. 

Firing  E-l  was  normal  until  41  seconds  at  which  time  the 
movie  film  showed  a  gas  leak  occurred  at  the  junction  of  the  transi¬ 
tion  section  at  the  base  of  the  nozzle.  The  pressure-time  curve  of 
this  firing  is  shown  in  Figure  6.  It  is  believed  that  the  silica 
filled  Buna  N  insulation  section  and  the  rather  thin  phenolic-asbestos 
section  which  was  designed  to  cover  a  water-cooled,  stainless  flange 
eroded  in  such  a  manner  as  to  permit  heating  the  steel  at  the  flange 
section.  A  radial  crack  in  the  graphite  entrance  section  opened  to 
permit  gas  flow  in  this  area.  The  gas  leak  rapidly  increased  and 
impinged  upon  the  outside  of  the  expansion  cone  and  burned  a  hole 
in  it  as  can  be  seen  in  Figure  7.  The  test  insert  removed  from  th» 
nozzle  assembly  after  firing  is  shown  in  Figure  8.  The  carbide  insert 
suffered  no  discernable  ill  effects  from  the  nozzle  burn-through.  The 
globule  of  aluminum  oxide  that  can  be  observed  in  the  entrance  section 
was  related  to  the  low  pressure  burning  after  burn-through. 

Firing  E-2  progressed  satisfactorily  insofar  as  the  insert 
was  concerned  for  the  full  duration,  63  seconds.  The  pressure-time 
curve  is  shown  in  Figure  9.  Figure  10  shows  the  second  nozzle  mounted 
on  the  Char  Motor  prior  to  test.  Film  coverage  shows  that  at  38 
seconds  the  aft  end  of  the  expansion  cone  started  to  deteriorate  and 
was  lost  at  47  seconds.  Figure  11  shows  the  nozzle  after  test.  Figure 
12  shows  the  removed  insert  after  test. 

A.  NOZZLE  INSERT  PERFORMANCE 

The  erosion  rate  for  the  first  nozzle  was  calculated  as  2.2 
mil/sec  by  dividing  the  total  radial  change  by  the  time  to  nozzle 
burn-through.  Since  some  of  the  total  erosion  probably  occurred 
during  the  period  of  low  pressure  burning,  the  actual  erosion  rate 
for  the  normal  part  of  the  firing  cycle  should  be  less  than  this 
value.  The  shape  of  the  pressure-time  curve  for  this  firing  (Figure  6) 
indicates  that  much  of  the  total  erosion  occurred  during  the  first  12 
seconds.  This  behavior  indicates  the  likelihood  that  some  of  the 
1/8-inch  thick  dense  carbide  surface  spalled  and  was  carried  away 
by  the  gas  stream.  Both  nozzles  showed  substantial  areas  where  the 
dense  carbide  coating  was  completely  gone.  The  underlying  30-70 
carbide-graphite  mixture  appeared  to  possess  fair  erosion  resistance 
and  was  not  urduly  eroded.  The  second  nozzle  showed  an  average  ero¬ 
sion  rate  of  1.6  mil/sec  for  the  full  duration.  These  erosion  rates 
can  be  compared  with  a  measured  race  of  2.2  mil/sec  determined  for 
/TJ  graphite  under  similar  firing  conditions  in  another  program 
^Reference  3) . 
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Figure  8.  Columbium  Carbide  Nozzle  Insert  After  Firing  No.  1. 
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Figure  10.  Second  Nozzle  Before  Test. 
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Figure  11.  Post-Firing  View  of  Second  Nozzle. 
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Figure  12.  Columbium  Carbide  Insert  After  Test  of  Second 
Nozzle. 
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A  few  tight  axial  cracks  were  observed  on  the  outside  of  the 
second  insert.  These  cracks  had  the  appearance  of  cool-down  cracks. 

The  first  nozzle  contained  no  visible  outside  cracks.  The  portions 
of  the  graphite- free  carbide  surface  which  remained  on  the  gas  side 
of  the  insert  contained  tight  cracks  both  in  the  axial  and  transverse 
direction  generally  spaced  at  1/2-inch  intervals.  These  cracks 
appear  to  have  been  present  during  the  firing  but  did  not  effect  the 
performance  or  the  erosion  except  as  they  may  have  permitted  portions 
of  the  graphite- free  carbide  surface  to  be  removed.  If  the  bond 
strength  of  the  carbide  surface  the  carbide-graphite  substrate  were 
uniformly  good,  the  cracks  would  not  have  caused  any  losses  of  the 
carbide  surface.  As  can  be  seen  in  Figure  8  and  12,  the  carbide 
inserts  were  still  in  one  piece  after  firing  and  showed  no  major 
structural  deficiencies.  The  performance  of  such  brittle  materials 
under  the  severe  duty  cycle  can  be  considered  good. 

Microscopic  examination  of  the  cross-section  of  the  nozzle 
insert  after  Firing  No.  2  showed  no  unusual  deterioration.  The 
carbide  layer  remaining  was  of  high  density,  well  bonded  and  of  fine 
grain  size.  No  significant  reaction  layer  was  observed  on  the  gas 
side.  The  cracks  which  were  visible  on  the  gas  side  were  tight  and 
did  not  appear  to  be  sources  of  accelerated  erosion  as  can  be  observed 
in  Figure  13.  The  portions  of  the  gas  side  surface  which  contained 
no  dense  carbide  coating  blended  to  a  section  rc  a  tapered  thickness 
of  dense  carbide  coating  where  the  carbide  r.  kilned  as  can  be  observed 
in  Figure  14.  This  appearance  indicates  that,  in  the  sections  examined 
any  loss  of  the  1/8-lnch  thick  carbide  surface  was  gradual  rather  than 
by  failure  at  the  carbide  to  carbide-graphite  interface. 

The  location  of  the  composite  substrate  on  the  cross-section 
examined  after  filing  indicated  that  the  nominal  1/8-inch  thick  carbide 
layer  had  not  been  attained  at  the  entrance  face  edge  of  the  insert. 

In  both  nozzles  no  dense  carbide  surface  material  remained  in  this 
location.  There  are  indications  that  it  may  have  originally  been  as 
little  as  10  or  20  mils  in  thickness  at  this  point.  Although  the 
influence  of  the  thin  coating  at  this  location  cannot  be  determined, 
it  is  likely  that  some  of  the  erosion  at  the  throat  section  could 
be  attributed  to  this  manufacturing  irregularity. 
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Figure  13.  Photomicrograph  (X60)  of  Etched  Cross-Section  of 
Nozzle  No.  2. 
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Figure  14.  Photomicroeranh  fJCfini  of  FtohoH  - 1 

*  ' - / - - vi*w'*  v*wua-WtLUUll  U1 

Nozzle  No.  2  at  Area  Where  Carbide  Layer  was  Eroded. 
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1 .  Carbide  Erosion  Mechanism 


Current  and  previous  studies  have  shown  that  the  principal 
erosion  mechanism  for  a  refractory  carbide  at  the  temperatures  involved 
with  the  current  Char  Motor  propellant  is  oxidative  chemical  attack 
(Ref.  2  and  4).  The  common  oxidative  combustion  species,  CO,.,  and 
HO,  have  been  found  to  be  very  reactive  with  hot-pressed  carbides 
made  by  the  same  procedure  utilized  for  the  nozzle  inserts.  Under 
laboratory  test  conditions  significant  differences  have  been  found 
in  the  oxidation  effects  on  various  refractory  carbides  which  are 
caused  by  differences  in  the  characteristics  and  protective  quality 
of  the  metal  oxide  product  produced  at  the  carbide  surface.  For 
columbiura  carbide  the  protection  by  the  oxide  failed  to  be  effective 
at  a  temperature  well  below  40008F. 

Vork  to  date,  although  not  complete,  indicates  that  both 
hafnium  carbide  and  zirconium  carbide  are  more  oxidation  resistant 
(Ref.  4).  The  protective  action  of  the  oxidation  product  formed 
on  hafnium  carbide  appears  to  persist  up  to  temperatures  near  5000°F 
under  laboratory  conditions.  The  presence  of  a  metal  oxide  condensed 
phase,  such  as  aluminum  oxide,  in  the  solid  propellant  exhaust  will 
undoubtedly  reduce  the  effectiveness  of  protection  by  an  oxide  layer, 
but  it  does  seem  likely  that  the  relative  performance  of  the  various 
carbides  may  be  related  to  that  observed  in  laboratory  tests.  Thur , 
the  investigation  of  other  carbide  materials  for  nozzle  service  mighc 
produce  improved  results. 

B.  OTHER  NOZZLE  COMPONENTS 

Some  of  the  other  nozzle  components  did  not  perform  so  well. 

The  graphite  entrance  piece  which  had  been  applied  to  the  nozzle  during 
the  re-work  operation  at  the  Rocket  Propulsion  Laboratory  to  effect  the 
fit  in  the  solid  propellant  motor  showed  a  gaping  axial  crack  after  each 
firing.  The  crack  in  the  second  nozzle  is  shown  in  Figure  15.  The  width 
of  the  crack  and  the  local  erosion  which  occurred  urderneath  the  graphite 
Indicated  the  open  crack  was  present  for  much  of  the  firing  duration. 

The  opening  in  the  graphite  entrance  piece  permitted  gas  impingement  on 
the  silica-Buna  N  insulation  in  the  first  nozzle,  which  subsequently 
resulted  in  burn-through  at  this  point.  In  the  second  nozzle,  the  gas 
flowing  behind  the  cracked  graphite  entrance  piece  impinged  on  the 
silica-phenolic  material,  the  asbestos-phenolic  insulation  and  also  on 
the  castable  zirconia  insulation  backup.  None  of  these  materials  are 
sufficiently  resistant  to  gas  impingement  to  remain  unaffected  and  so 
a  groove  was  formed  which  extended  to  a  point  behind  the  carbide  insert 
itseLf.  This  penetration  was  not  sufficient  to  significantly  affect 
the  performance  of  the  nozzle  by  the  end  of  firing,  63  seconds. 

It  was  also  indicated  that  the  phenolic-asbestos  expansion 
cone  was  of  insufficient  thickness  and  support  to  withstand  the  full 
firing  duration  under  the  test  conditions. 
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Figure  15.  Entrance  Section  of  Nozzle  No.  2  After  Firing. 
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Figure  16  shows  the  temperature  traces  obtained  from  the 
first  firing.  The  three  thermocouples  were  located  on  the  steel 
housing  as  shown.  It  is  evident  from  the  temperature  increase  measured 
by  thermocouple  T1  that  this  thermocouple  was  located  near  the  region 
of  nozzle  burn-through  which  coincided  with  the  axial  crack  in  the 
graphite  entr*  ce  .section.  Thermocouples  T2  and  T3  were  essentially 
unheated  up  to  che  point  at  which  instrumentation  was  lost. 

Figure  17  shows  the  recording  of  strain  gauges  mounted  on 
the  nozzle  barrel.  Items  2  and  3  are  a  two  strain  gauge  rosette 
located  near  the  flange.  The  calculated  principal  stresses  from 
these  strain  gauge  readings  are: 

maximum  normal  stresses  -  15,170  psi  tensile 
minimum  normal  stress  -  10,550  psi  tensile 
maximum  shear  stress  -  2,305  psi 

Items  4  and  5  also  form  a  two  strain  gauge  rosette  which  is  located 
on  the  nozzle  barrel  at  a  point  opposite  the  insert  retention  shoulder. 
Calculations  of  principal  stresses  from  these  gauges  are: 

maximum  normal  stress  -  21,600  psi  compressive 
minimum  normal  stress  -  16,800  psi  compressive 
maximum  shear  -  2,305  psi 

It  should  be  noted  that  the  strain  gauges  were  not  temperature  compen¬ 
sated  and  so  the  readings  used  in  the  above  calculations  were  taken 
4  seconds  after  igaition.  After  this  time  the  temperature  effects 
influenced  the  gauge  output, and  further  stress  calculations  could 
not  be  made. 
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Figure  16.  Temperature-Time  Traces  for  Firing  No.  E-l. 
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Figure  17.  Recording  of  Strain  Gauges,  Firing  No.  E-l, 
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4.0  CONCLUSIONS  AND  RECOMMENDATIONS 

Columbium  carbide  nozzle  inserts  performed  satisfactorily 
in  the  5,000-lb.  Char  Motor  with  an  oxidizing  solid  propellant. 

Erosion  encountered  was  believed  to  be  due  primarily  to  oxidation  of 
the  carbide.  No  significant  fracture  of  the  brittle  insert  material 
occurred.  Nozzle  inlet  damage  related  to  a  wide  crack  in  the  graphite 
entrance  cap  of  each  nozzle  probably  increased  the  nozzle  insert 
heating  and  contributed  to  the  erosion  of  the  carbide.  Advances  in 
the  state-of-the-art  since  the  manufacture  of  the  tested  carbide 
inserts  should  permit  modest  improvements  with  similar  current 
materials.  In  particular  a  manufacturing  discrepancy  which  left 
a  very  thin  carbide  layer  at  the  entrance  face  could  be  avoided. 

Other  work  at  Atlantic  Research  Corporation  has  indicated 
that  other  refractory  carbides  such  as  hafnium  carbide  are  more 
suitable  in  oxidizing  environments  than  is  columbium  carbide. 
Additional  feasibility  studies  of  such  materials  are  believed 
desirable. 


Because  of  the  unusually  high  temperature  compatibility 
of  the  refractory  carbides,  they  should  be  considered  for  selected 
environments  where  they  may  be  chemically  compatible  with  s  suitable 
environment . 
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APPENDIX  I 

HEAT  TRANSFER  ANALYSIS  OF  COLUMBIUM  CARBIDE 


The  heat  transfer  analysis  of  the  columbium  carbide  nozzle 
is  outlined  in  this  Appendix.  The  enclosed  plots  show  the  transient 
temperature  time  history  of  the  nozzle  during  the  motor  firing.  It 
was  assumed  that  the  combustion  temperature  of  the  propellant  gases 
was  6000°F.  On  this  basis,  the  expected  surface  temperature  of  the 
nozzle  throat  hot  side  surface  at  60  seconds  will  be  about  5400°F. 

Thu  cold  side  temperature  will  be  about  4200°F.  The  surface  tempera* 
ture  of  the  approach  section  at  the  end  of  60  seconds  of  firing  will 
be  about  5200°F.  The  surface  temperature  of  the  exit  portion  of  the 
nozzle  insert  was  estimated  to  be  about  150°F  less  than  that  of  the 
approach  section. 

At  the  time  the  thermal  analysis  of  the  nozzle  design  was 
conducted,  temperature  dependent  properties  of  the  composite  columbium 
carbide  material  were  not  available.  For  this  reason,  simplified  ana* 
lytical  techniques  believed  to  be  adequate  for  the  purpose  intended 
were  applied.  Ordinarily,  a  two  dimensional  transient  heat  transfer 
program  for  the  7090  computer  is  used  for  problems  of  this  type. 

Because  of  the  rework  of  the  nozzles  for  use  on  the  test 
motor  selected,  the  temperature  instrumentation  was  removed  and  cor¬ 
relation  of  measured  temperatures  with  calculated  temperatures  could 
not  be  obtained. 
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